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SUMMARY 
A f ixed-base s imulat ion s tudy with f ive degrees  of  f reedom was undertaken to 
examine t h e  p i l o t ' s  r e s p o n s e  t o  s e p a r a t i o n  o r  i n t e g r a t i o n  o f  e s s e n t i a l  i n f o r m a t i o n  i n  
a i r c r a f t  d i s p l a y s .  The parameters displayed were bank angle,  pitch angle,  heading 
angle ,  and  ver t ica l -  and  la te ra l -d isp lacement  e r rors .  The t a s k s  of path fol lowing 
under turbulence and step-displacement correction were performed separately.  Eight 
p i l o t s  w i t h  v a r i o u s  amounts of expe r i ence  pa r t i c ipa t ed  in  the  s tudy .  
Analys is  of  the  resu l t s  shows tha t  t he  accu racy  o f  t he  l a t e ra l  pa th - fo l lowing  
task under  turbulence  de te r iora tes  and the system damping reduces when bank angle  is 
displayed separately,  and the accuracy improves considerably when bank angle and 
heading are  displayed together .  N o  s ign i f icant  changes  were  observed i n  v e r t i c a l  
con t ro l .  The r e s u l t s  show t h a t  d i s p l a y i n g  bank ang le ,  p i t ch  ang le ,  and  heading  angle 
t o g e t h e r  i n  one place with displacements  together  in  another  locat ion gives  the best  
performance for a l l  t he  conf igu ra t ions  cons ide red .  
INTRODUCTION 
I n  o r d e r  t o  c o n t r o l  t h e  l a t e r a l  and ve r t i ca l  d i sp l acemen t s  i n  an instrument land- 
ing system ( I L S )  approach t o  l a n d i n g ,  t h e  p i l o t  mus t  coo rd ina te  h i s  r e sponse  to  bank 
angle ,  heading angle ,  and la teral  displacements  to  obtain good l a t e r a l  r e s p o n s e ,  and 
he mus t  coord ina te  p i tch  angle  and v e r t i c a l  d i s p l a c e m e n t s  t o  o b t a i n  good v e r t i c a l  
response. The d i sp lays  of these  parameters  a re  usua l ly  presented  i n  s e v e r a l  d i f f e r e n t  
l o c a t i o n s  on the instrument  panel  of  a gene ra l  av ia t ion  a i rp l ane .  The bank angle  and 
p i t c h  a n g l e  a r e  d i s p l a y e d  i n  a two-axis gyro display, the heading angle in a d i r ec -  
t i o n a l  g y r o  a t  a d i f f e r e n t  l o c a t i o n ,  and  d i sp lacemen t  e r ro r s  a t  s t i l l  another loca- 
t i o n .  The p i l o t  m u s t  scan  these  separa ted  p ieces  of  in format ion  for  proper  cont ro l .  
The scanning of  the displays of t hese  e s sen t i a l  pa rame te r s  must l o g i c a l l y  i n t r o d u c e  
an add i t iona l  work load compared with a c a s e  f o r  which a l l  t h e  i n f o r m a t i o n  is  pre- 
s en ted  toge the r  i n  a s i n g l e  d i s p l a y .  I n  a r e c e n t  i n v e s t i g a t i o n  w i t h  conventional 
types  of  genera l  av ia t ion  d isp lays  ( re f .  l), it  was found tha t  ins t rument  conf igura-  
t i o n s  c a n  c o n t r i b u t e  t o  p i l o t - a i r c r a f t  s y s t e m  i n s t a b i l i t y ,  even though the aircraf t  
a r e  des igned  fo r  good p i l o t - a i r c r a f t  s y s t e m  s t a b i l i t y .  A n  e a r l i e r  i n v e s t i g a t i o n  
r e p o r t s  a r e d u c t i o n  i n  p i l o t  g a i n  and generation of more remnant when t h e  d i s p l a y s  a r e  
s e p a r a t e d  ( r e f .  2 ) .  The p resen t  s tudy  de l inea te s  the  e f f ec t s  of s e p a r a t i o n  o r  i n t e -  
g r a t i o n  of parameter  d i sp lays  on a i r c r a f t  c o n t r o l  f o r  p a t h - f o l l o w i n g  t a s k s .  The 
e f f e c t s  a r e  p r e s e n t e d  i n  t e r m s  of system performance, p i l o t  models, and p i l o t - a i r c r a f t  
sys tem c losed- loop  s tab i l i ty .  A f ixed-base  s imula t ion  s tudy  wi th  f ive  degrees  of  
freedom w a s  used  to  obta in  the  da ta .  
SYMBOLS 
s ide  fo rce  due  to  ro l l i ng  ve loc i ty ,  N-sec 
s i d e  f o r c e  due t o  yawing v e l o c i t y ,  N-sec 
s i d e  f o r c e  d u e  t o  s i d e s l i p ,  N 
v e r t i c a l  f o r c e  due to  ang le  o f  a t t ack ,  N 
t 
a c c e l e r a t i o n  due t o  g r a v i t y ,  m/sec 
a l t i t u d e ,  m 
moments of i n e r t i a ,  kg-m 
product   o f   iner t ia ,  kg-m 2 
pilot-model gains , rad/m 
pilot-model remnant gain, dimensionless 
pilot-model  gains,   dimensionless 
mass o f  a i r c r a f t ,  kg 
r o l l i n g  moment due t o  r o l l  v e l o c i t y ,  N-m-sec 
r o l l i n g  moment due t o  yawing v e l o c i t y ,  N-m-sec 
r o l l i n g  moment due t o  s i d e s l i p ,  N-m 
r o l l i n g  moment due t o  a i l e r o n  d e f l e c t i o n ,  N-m 
p i t ch ing  moment due to  ang le  of a t t a c k ,  N-m 
p i t ch ing  moment due t o  p i t c h  r a t e ,  N-m-sec  
p i t ch ing  moment due t o  e l e v a t o r  d e f l e c t i o n ,  N-m 
yawing moment due t o  r o l l i n g  v e l o c i t y ,  N-m-sec 
yawing moment due t o  yawing v e l o c i t y ,  N-m-sec 
yawing moment due t o  s i d e s l i p ,  N-m 
yawing moment due t o  a i l e r o n  d e f l e c t i o n ,  N-m 
p robab i l i t y  tha t  t he  sco res  a re  equa l  
r o l l ,  p i t c h ,  and yaw angular  ra tes ,  rad /sec  
Laplace operator,  per second 
a i r c r a f t  r o l l  t ime constant,  sec 
a i r c r a f t  s p i r a l  t i m e  c o n s t a n t ,  s e c  
v e l o c i t y  , m/sec 
la te ra l -d isp lacement  e r ror ,  m 
anqles  of  a t tack  and  s ides l ip ,  rad  
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Y,rY,,rYyrY@) system modes of motion 
Ah  altitude  error, m 
'a,  e aileron and elevator deflections, rad 
5 damping  rat o 
$,e,@) heading,  pitch,  and  bank  angles,  rad  or  deg 
w frequency,  rad/sec 
"c Cc 
"DR, ~ D R  1 
frequencies,  rad/sec,  and  damping  ratios  for  pilot  model-aircraft  system 
modes  of  motion 
damped  natural  frequency,  rad/sec,  wn/l - c 2  
natural  frequency,  rad/sec 
W S ~ ~ < ~ ~  aircraft  short-period  frequency,  rad/sec,  and  damping  ratio 
Subscripts : 
C 
DR 
R 
S 
E 
command 
Dutch  roll 
roll 
spiral 
error 
A dot  over  a symbol indicates  a  derivative  with  respect  to  time 
EXPERIMENTAL  PROCEDURE 
A five-degree-of-freedom,  fixed-base  simulation  study  with  constant  airspeed  was 
undertaken  to  examine  the  pilot's  response  to  separation or  integration  of  essential 
information  in  the  displays.  The  tasks  involved  in  these  tests  were  to  follow  a  pre- 
scribed  path  using an ILS.  Two military-type  three-axis  gyro  displays  were  used in 
the  investigation.  Each  could  display  pitch,  bank,  and  heading  angles  and  had  built- 
in  cross-pointer  needles  to  indicate  the  lateral-  and  vertical-displacement  errors 
from  the  desired  path.  The  displays  were  mounted  vertically  in  the  cockpit  panel 
3 
25 cm  apart.  (See  fig. 1.) The  sensitivities  of  the  displacement  needles  were  held 
constant  (for  meaningful  comparison)  at  the  following  values: 
Vertical-displacement  needle:  Full  deflection = 113  m 
Lateral-displacement  needle:  Full  deflection = 404 m 
The  sensitivities  are  equal  to  the  sensitivity  of  an  ILS t 5 n.  mi.  from  the  station. 
Therefore,  full-scale  vertical  deflection  would  occur  when  the  aircraft  was 0.7O from 
the  glide  slope  and  full-scale  lateral  deflection  would  occur  when  the  aircraft  was 
2.5O from  the  localizer.  The  attitude  sensitivities  were  those  defined  by  the  size  of 
the  instrument. 
Two  types  of  tests  were  conducted.  The  first  was  with  turbulence  and  the  second 
was  a  step-response  test  without  any  turbulence.  In  the  step-response  tests,  initial 
errors  in  both  the  vertical  and  lateral  directions  were  included.  For  both  types  of 
tests,  the  required  parameters  were  distributed  in  the  two  displays  in  several  differ- 
ent  configurations.  The  parameters  displayed  were  pitch  angle,  bank  angle,  heading 
angle,  and  vertical-  and  lateral-displacement  errors. A l l  the  subjects  were  given 
adequate  practice  to  become  familiar  with  the  response  of  the  system.  The  configura- 
tion  number  and  the  diptribution f the  parameters  in  the  displays  are  given  in  the 
following  table.  The  configurations  were  in  the  same  sequence  for  all  the  subjects 
and  were  tested in  a single  sitting.  The  sequence  was  repeated  again o another  day. 
The  parameters  are  switched  from  one  display  to  the  other  through a  switching  box, 
thus  showing a  parameter  at  only  one  place  during  any  given  test.  Except  for  control- 
ling  the  desired  path  in  both  lateral  and  vertical  modes,  the  subjects  had  no  other 
duties  to  perform.  Each  run  was  conducted  for  about 3 min. A side-arm  control  stick 
was  used  as  the  control  manipulator,  and  rudder  pedals  were  not  used.  The  control 
stick  rotated +20°. 
Subjects 
Eight  subjects  participated  in  the  tests.  They  ranged  in  experience  from  pilots 
who  flew  their  aircraft  only  occasionally  and  who  were  in  the  process  of  obtaining 
their  instrument  ratings  to  professional  test  pilots.  The  accumulated  flight  hours 
and  ages  of  the  subjects  are  listed in the  following  table: 
i 
4 
I n i t i a l s  o f  
subject 
MM 
HB 
JS 
DH 
JDS 
J J T  
CP 
WWA 
Age 
54 
44 
33 
23 
41 
37  
30  
4 1  
Tota l  
f l i g h t  h o u r s  
300  
2000 
3000 
300  
300  
1400 
1400 
1600 
f l i g h t  h o u r s  
80 
50 
400 
50 
50 
400 
7 0 0  
350 
A i r c r a f t  Model 
A f ive-degree-of-freedom, nonl inear  a i rcraf t  model w a s  used  in  an  ana log  com- 
p u t e r  t o  s i m u l a t e  a typical high-wing, four-place,  single-engine general  aviation air- 
p l a n e  i n  t h i s  s t u d y .  The nonl inear  equat ions  of  mot ion  used  for  th i s  s imula t ion  model 
are presented  in  the  appendix .  The dynamic response  of  th i s  s imula t ion  model t o  step- 
con t ro l  i npu t s  a t  t h e  85-knot  a i rspeed that  w a s  used i n  t h e  t e s t s  is  shown i n  f i g -  
ure  2 .  Figure 2 ( a )  shows the  sho r t -pe r iod  long i tud ina l  r e sponse  to  an  e l eva to r  s tep 
input .  The response i s  w e l l  damped and the  shor t -per iod  na tura l  f requency  is 
2 rad/sec.  The l a t e r a l  dynamic response a t  t h i s  a i r s p e e d  is shown i n  f i g u r e  2 ( b ) .  
The Dutch r o l l  mode is  f a i r l y  w e l l  damped and has a frequency of 2 rad/sec.  Fig- 
ure  2 ( b )  a l s o  d e p i c t s  t h e  e f f e c t  o f  a d v e r s e  yaw on the yaw-rate response.  
F o r  f u r t h e r  i n s i g h t  i n t o  t h e  v e r t i c a l  and la teral  responses ,  the  l inear  per turba-  
t ion  equat ions  of motion (obtained from the  nonl inear  equat ions  g iven  in  the  appendix)  
were w r i t t e n  and t h e  a i r c r a f t  r e s p o n s e  c h a r a c t e r i s t i c s  were ana ly t ica l ly  de te rmined .  
The l inear  equat ions  of  mot ion  are  the fol lowing:  
5 
M B + M z P +  z6 P 
r =  
A t  85 knots  these equat ions 
a = -1.03~ + q 
M~ r + M 6, + 6 1 ~ ~  
r '6a 
. 
I Z  
reduce t o  the fol lowing:  
4 = -1.21q - 2.82a - 3.056, 
= -0.2296 - 0.994r - 0 . 0 1 6 ~  + 0.225@ 
= -6.95B + 1.10r  - 4 . 8 2 ~  - 8.536, 
k = 2.856 - 0.725r - 0 . 4 3 6 ~  + 0.2166, 
A l s o  used  €or  the  ana lys i s  were  the  fo l lowing  l inear ized  k inemat ic  re la t ionships :  
The v e r t i c a l  a n d  l a t e ra l  r e s p o n s e  c h a r a c t e r i s t i c s  as determined from these equations 
are the fol lowing:  
wSp = 2.01  rad/sec cSp = 0.555 TR = 0.202 sec TS = 44.2 sec  
= 1.96  rad/sec cDR = 0.207 
These  ana ly t i ca l  r e su l t s  ag ree  w e l l  w i t h  t h e  r e s u l t s  n o t e d  from t h e  t i m e  h i s t o r i e s  
g i v e n  i n  f i g u r e  2 .  
Turbulence 
Two random white-noise  generators  w e r e  used i n  conjunct ion with two f i r s t - o r d e r  
f i l t e r s  w i t h  a t ime constant  of  4 sec to  genera te  the  Dryden spectrum turbulence. 
The ampl i tudes  o f  t he  f i l t e r ed  s igna l s  w e r e  ad jus t ed  to  provide a 1 . 2  m/sec 
6 
(0.028 rad at the  airspeed  assumed)  root-mean-square  turbulence  level.  These  random 
signals  are  added  to  the  aerodynamic  angles a and 6. 
Method  of  Analysis 
A  statistical  analysis  was  performed  by  measuring  the  root-mean-square  value  of 
the  deviations  of  the  vertical  and  lateral  paths  with  turbulence. A t-test  was  con- 
ducted  to  determine  the  level  of  significance  of  the  difference  in  the  performance 
obtained  with  each  configuration  and  configuration 1, which  was  considered  to  be  the 
basic  reference  configuration. 
The  pilot  models  were  obtained  by  subjectively  matching  the  step-response  time 
histories of the  pilot  model-aircraft  system  with  pilot-aircraft  system  simulations. 
Block  diagrams of the  pilot  model-aircraft  system  are  shown  in  figure 3. Decoupled 
and  linearized  diagrams  are  shown  separated  into  lateral  and  longitudinal  systems  for 
simplicity.  The  pilot  is  represented  by  simple  gains i  the  outer  displacement  loops 
(Y and h) and in the  heading-angle  control  in  the  middle oop for  lateral  motion. 
The  inner  loops 8 and @ each  contain a  gain  and  a  lag  function  that  represent  the 
characteristic  of  the  response  used  by  the  pilot  to  place  the  control  manipulator  in 
the  desired  position.  The  second-order  form  of  the  response  represents  the asso- 
ciated  inertia,  that  is,  the  manipulator  inertia  plus  the  pilot's  muscular  inertia. 
It  also  represents  the  critically  damped  response  used  by  the  pilot  for  the  manipu- 
lator  movement.  The  0.2-sec  lag  time  constant  used  is  a  preferred  time  constant 
obtained  in  earlier  investigations.  The  time  constant  represents  an  undemanding 
control  response  as  well  as  the  value  that  the  pilots  use  in  complicated,  multiloop 
control  tasks  where  much of the  pilot's  attention  must  be  directed  to  read  the 
instruments. 
A lead  term  can  also  be  included  in  the  pilot's  bank-angle  loop  if  it  is  required 
for  the  system  stability.  This  lead  represents  the  pilot's  response  to  the  rate  of 
change  of  the  inner-loop  variable.  However,  in  complex  multiloop  tasks,  the  pilots 
do  not  have  'adequate  time  to  differentiate  the  inner-loop  variable. In this  study 
the  lead  term  was  assumed  to  be  absent,  even  though  lead  time  constants  of 1 sec have 
been  measured  in  single-loop  tasks. 
The  relations  between  the  aircraft  control  inputs 6, and 6, and  the  rate  of 
change  of  inner-loop  variables  p  and q are  represented  by  corresponding  blocks 
(labeled  "AIRCRAFT")  in  the  block-diagram  representation  of  the  pilot  model-aircraft 
system  shown  in  figure 3 .  The  blocks  represent  complex  relations  involving  many 
integrations,  all  of  which  are  interconnected  as  defined  by  the  equations  of  motion. 
In  view  of  these  complex  relations,  large  variations  in  p  and q due  to  the  control 
surface  deflections  can  have  decided  influence o  the  total  response  of  the  pilot- 
aircraft  system.  Investigation  results  of  the  aircraft  response  effects  from  the 
viewpoint of pilot  models  have  been  extensively  reported in references 3 and 4. 
The  present  study  is  concerned  with  the  dynamic  phase  lags  associated  with  the 
interrelation  of  the  variables  which  the  pilot  is  asked  to  regulate  as  subsequently 
described.  These  phase  lags  are  shown  explicitly  in  the  block  diagram  of  figure 3 by 
means of the  integration  terms  that  exist  in  between  the  variables.  The 90° phase 
lags between $ and I) and I) and y for lateral controls and between 8 and h 
for  vertical  controls  dictate  that  coordination  is  required  by  the  pilot  to  obtain 
proper  system  response. To control  a  system  which  contains  lags  such  as  these,  it  is 
necessary  that  each  of  these  variables  contribute  to  the  control  deflection.  For 
example, in  the  case  of  lateral  control  the  pilot  model  assumes  that  lateral 
displacement is f e d  b a c k  t o  t h e  p i l o t  by the  ins t rument ,  compared wi th  the  commanded 
d isp lacement ,  and  the  resu l t ing  d isp lacement  e r ror  i s  used t o  g e n e r a t e  a heading com- 
mand. It is the re fo re  necessa ry  €o r  the  p i lo t  t o  c lose ly  coord ina te  l a t e ra l  d i sp l ace -  
ment and heading angle. The heading-angle command is  compared t o  t h e  a c t u a l  a i r c r a f t  
heading angle  and the resul t ing heading-angle  error  is  used to  generate  a bank-angle 
command. Therefore,   heading  and  bank  angles  must  be  closely  coordinated. The p i l o t ' s  
a b i l i t y  to  p rov ide  th i s  t ype  o f  coord ina t ion  is  r e l a t e d  t o  t h e  e a s e  w i t h  which he can 
perce ive  and  assess  the  requi red  informat ion  d isp layed  to  him. Information that  can 
be read without much e f f o r t  c a n  b e  e a s i l y  c o o r d i n a t e d .  T h i s  a b i l i t y  is t h e  f o c a l  
p o i n t  of the  p re sen t  s tudy .  
The p i l o t  models  descr ibed in  the block diagram were used t o  obta in  t ime h is -  
tor ies  that  could be used for  comparison with actual  records obtained by t h e  t e s t  
subjects.  These complete-system responses were obtained using the pilot  model i n  
conjunction  with  the  f ive-degree-of-freedom,  nonlinear  aircraft   model.  Both l a t e r a l  
and v e r t i c a l  p i l o t  models were obta ined  from the  s t ep - re sponse  t e s t s  fo r  each  conf igu -  
r a t ion .  Ana ly t i ca l ly  de t e rmined  ve r t i ca l -  and  l a t e ra l - sys t em cha rac t e r i s t i c s  were 
a l s o  o b t a i n e d  u s i n g  t h e  l i n e a r  p i l o t  model, l i n e a r  p e r t u r b a t i o n ,  and l i n e a r i z e d  
k inemat ic  re la t ionships .  
A r ep resen ta t ive  p i lo t  r emnan t  w a s  added to  the  output  of  the  p i lo t  models .  This  
remnant w a s  generated by passing white noise through a second-order f i l t e r  i d e n t i c a l  
t o  t he  p i lo t -mode l  cha rac t e r i s t i c  
Kn 
Remnant = -- (Random s i g n a l )  
(1 + 0 . 2 s )  2 
and a d j u s t i n g   t h e   g a i n   t o   p r o v i d e  a t y p i c a l  remnant  amplitude  to  match  the  sub- 
j e c t ' s  o u t p u t .  With t h i s  remnant,  the  Dutch r o l l  mode and rol l -heading mode become 
more v i s i b l e  i n  t h e  t i m e  h i s t o r i e s .  
To i l l u s t r a t e  t h e  l a t e r a l  r e s p o n s e  o f  t h e  modeled p i lo t - a i r c ra f t  sys t em,  sample 
t ime  h i s to r i e s  ob ta ined  wi th  typ ica l  p i lo t -mode l  ga ins  and  the  a i r c ra f t  s imu la t ion  
model a r e  shown i n  f i g u r e  4. The associated pilot-model gains and the closed-loop 
sys t em cha rac t e r i s t i c s  a re  a s  fo l lows :  
P i lo t  gains:  
% = 0.00183 rad/m 
K+ = 0.676 
K$ = 0.51 
Closed-loop system character is t ics :  
w = 0.124 
Y 
9 = 1-087 
5 = 0.665 
Y 
% = 0 - 9 2 4  
Wc = 6.73 CC = 0.953 
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Figure 4 a l s o  i l l u s t r a t e s  t h e  e f f e c t  o f  remnant and limits on  the  bank angle and 
head ing  ang le  in  the  p i l o t  model. The t i m e  h i s t o r i e s  i n  f i g u r e  4 ( a ) ,  which contain 
o n l y  l i n e a r  g a i n s  i n  t h e  p i l o t  model, show a s tab le  sys tem.  The a n a l y t i c a l l y  d e t e r -  
mined cha rac t e r i s t i c  o f  t he  sys t em p resen ted  in  the  p reced ing  l i s t  shows a s t a b l e  
sys tem.  The d a t a  i n  t h e  l i s t  i n d i c a t e  a system response which contains four modes 
of  motion. The h ighes t  f requency  cont ro l  mode is  derived from the pilot-model inner- 
l oop  cha rac t e r i s t i c  t e rm (1 + 0 . 2 s )  ’. In  the  comple te  sys tem th is  mode is a l t e r e d  
s l i g h t l y  by the  outer - loop  c losures .  The next lower frequency mode i s  t h e  a i r c ra f t  
Dutch r o l l  mode, which i s  a l s o  a l t e r e d  s l i g h t l y .  The next lower frequency i s  an 
o s c i l l a t o r y  mode der ived from the combinat ion of  the zero-value heading root  and the 
lower-value r o l l  r o o t .  The f i n a l  mode of motion is de r ived  from the zero-value 
la teral-displacement  root a n d  t h e  h i g h e r  v a l u e  r o l l  r o o t .  I n  t h i s  s a m p l e  case t h e  
roots  involved are a complex p a i r .  
F igu re  4 (b )  shows the effect  of  adding remnant  and the l i m i t s  t o  t h e  p i l o t  model. 
The l i m i t s  added add i t iona l  appa ren t  damping to  the  sys tem by  l imi t ing  the  excurs ions  
of @I and $, and  the  remnant  caused la te ra l  d e v i a t i o n s  i n  t h e  s t e a d y  s ta te  and made 
t h e  Dutch r o l l  o s c i l l a t o r y  mode more v i s i b l e .  
I t  can  a l so  be  seen  f rom f igure  4(b)  tha t  the  bank-angle  t i m e  h i s t o r y  i s  domi- 
nated by the high-frequency Dutch rol l  mode of motion, whereas the lateral-displacement 
t i m e  h i s t o r y  is dominated by the low-frequency displacement mode of  motion. I t  is 
therefore  necessary to  scan or  sample the bank-angle  instrument  more o f t en  than  the  
d isp lacement  ins t rument  in  order  to  main ta in  proper  cont ro l .  The  same s i t u a t i o n  
e x i s t s  f o r  v e r t i c a l  c o n t r o l ,  i n  which the  inner - loop  var iab le  (p i tch  angle)  i s  domi- 
nated by the  long i tud ina l  sho r t -pe r iod  mode and t h e r e f o r e  must be scanned more f r e -  
quent ly  than  does  the  ver t ica l  d i sp lacement ,  which i s  dominated by a long period of 
motion. 
RESULTS 
Performance  M asures - 
Sample t i m e  h i s t o r i e s  o f  t h e  l a te ra l  a n d  v e r t i c a l  d e v i a t i o n s  from the  des i r ed  
pa th  for  runs  wi th  turbulence  are shown i n  f i g u r e s  5 t o  7 .  The h i s t o r i e s  shown a r e  
f o r  s u b j e c t s  C P ,  J S ,  and DH, and the display configurations used were 1, 5,  6 ,  and 7 .  
It can  be  seen- f rom these  f igures  tha t  there  are apparent  d i f fe rences  in  la te ra l -mode  
response,  whereas  the ver t ical  mode does not change much except  for  conf igura t ion  7 ,  
f o r  which a s m a l l  r educ t ion  in  e r ror  can  be  seen .  
Root-mean-square va lues  of t h e  l a t e ra l  and v e r t i c a l  d e v i a t i o n s  f o r  a l l  t h e  sub- 
j e c t s  are g i v e n  i n  table 1, together  with averages of  the scores  and their  s tandard 
dev ia t ions .  In  add i t ion ,  t-tests were performed to  de t e rmine  any  s ign i f i can t  d i f f e r -  
ence between the reference configurat ion (configurat ion 1, which  has a l l  t he  param- 
eters displayed together)  and the rest  o f  t he  conf igu ra t ions .  The r e s u l t s  of t h e  
t-tests are shown i n  table 2.  A P-value  of 0.025 is  cons ide red  to  be  s ign i f i can t .  
The t - t e s t s  show t h a t  t h e r e  are s ign i f i can t  d i f f e rences  in  the  l a t e ra l -mode  sco res  
w i t h  r e s p e c t  t o  c o n f i g u r a t i o n  1 for  . conf igura t ions  2 ,  5 ,  and 7. The r m s  table shows 
t h a t  c o n f i g u r a t i o n  5 i s  worse than configurat ion 1, whereas  configurat ions 2 and 7 
are bet ter  than  conf igura t ion  1. For configuration 5, t h e  bank angle alone is d i s -  
p layed  separa te ly  f rom the  rest of  the parameters ,  whereas  for  configurat ion 7 both 
v e r t i c a l  a n d  la teral  displacements are p r e s e n t e d  t o g e t h e r  i n  one d isp lay  wi th  the  
rest of  the  parameters  in  another  d i sp lay .  The t-tests pe r fo rmed  fo r  t he  ve r t i ca l  
mode show no s ign i f i can t  d i f f e rences  be tween  the  conf igu ra t ions ,  a l though  
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configurat ion 7 does seem t o  show be t te r  performance, with a P-value of 0.04 when 
compared with configurat ion 1. The average  va lue  of  the  scores  for  a l l  t h e  s u b j e c t s  
f o r  v e r t i c a l  c o n t r o l  d o e s  seem t o  be g r e a t e r  i n  c o n f i g u r a t i o n s  5, 6, and 8 when com- 
pared  with  configurat ion 1. (See table 1.) 
Because configuration 7 gave the best performance, separate experiments were con- 
ducted with the same parameter-display arrangement (i.e.! a l l  a t t i t u d e s  d i s p l a y e d  
together and separate from the displacement data) as conf igu ra t ion  10.  For configura- 
t i on  10 ,  however, the  d isp lacement  e r rors  were displayed on glide-slope needle 
( f o r  ‘Ah)  and t u r n - i n d i c a t o r   n e e d l e   ( f o r   y )   i n   t h e  same ins t rument   ( f ig .  1) i n s t e a d  
of cross-pointer needles in the second instrument.  A l l  e i g h t  s u b j e c t s  a g a i n  p a r t i c i -  
pated in  the experiments .  Configurat ion 1 w a s  aga in  repea ted  in  conjunct ion  wi th  
making t h e s e  a d d i t i o n a l  tests on  conf igura t ion  10 .  The scores  obta ined  wi th  these  
tests are  tabulated and are p r e s e n t e d  i n  t a b l e  3 .  
The r e su l t s  o f  t hese  expe r imen t s  i nd ica t e  tha t  t he  r epea ted  pe r fo rmance  fo r  con- 
f i g u r a t i o n  1 d o e s  n o t  s i g n i f i c a n t l y  d i f f e r  f r o m  t h a t  of  the ear l ie r  experiments. 
Configuration 10 is s i g n i f i c a n t l y  b e t t e r  t h a n  t h e  r e p e a t e d  c o n f i g u r a t i o n  1 and does 
n o t  s i g n i f i c a n t l y  d i f f e r  from  configuration 7 .  Thus,   separat ing  the  displacements   and 
combining a l l  the  a t t i tudes  does  indeed  g ive  the  bes t  per formance .  
System Analysis 
To g a i n  f u r t h e r  i n s i g h t  i n t o  t h e  d i f f e r e n c e s  b e t w e e n  t h e  c o n f i g u r a t i o n s ,  a p i l o t  
model-aircraf t  system analysis  w a s  performed for step-input tests. The closed-loop 
s y s t e m  c h a r a c t e r i s t i c s  f o r  t h e  l a t e ra l  mode f o r  a l l  t he  sub jec t s  u s ing  va r ious  con- 
f i g u r a t i o n s  are shown i n  t a b l e  4 ,  and  the  d ispos i t ion  of  the  roots  in  s -p lane  for  con- 
f i g u r a t i o n s  o f  i n t e r e s t  are shown i n  t a b l e  5. Typical  response t i m e  h i s t o r i e s  f o r  
s tep- input  tests f o r  s u b j e c t s  WWA, “ , , a n d  CP are shown i n  f i g u r e s  8 t o  10 along with 
the responses obtained with the corresponding models.  The tests i n d i c a t e  t h a t  t h e  
subjec ts  had  maximum g a i n s  f o r  c o n f i g u r a t i o n s  1 and 7, as shown i n  table 6, and pro- 
duced s t ab le   r e sponses   fo r   t hese   conf igu ra t ions .  The g a i n s  K$ and Ky are   reduced 
for  conf igura t ion  5 with no appreciable   change  in  K+. The g a i n s  i n  c o n f i g u r a t i o n  6 
are res tored  a lmost  to  those  of  conf igura t ion  1. Also,  the tests i n d i c a t e  t h a t  con- 
f i g u r a t i o n  5 produces  e i ther  a s luggish  response  or  reduced  damping l ead ing  in to  
i n s t a b i l i t y  when compared with a good s table  response with configurat ion 1. Time h i s -  
t o r i e s  of  the  subjec ts  shown i n  f i g u r e s  8 t o  10 i l l u s t r a t e  t h i s  p o i n t .  
The lowest  frequency  root  (y  mode),  which i s  a complex r o o t  f o r  c o n f i g u r a t i o n  1 
i n  a l l  cases except one, becomes a pa i r  o f  separa ted  real  roo t s  €o r  conf igu ra t ion  5. 
The next higher frequency root (roll-heading angle mode) always becomes a complex 
pair .  Representat ive movement of  the  c losed- loop  poles  for  subjec ts  MM, DH, and C p  is 
shown i n  f i g u r e  11. The f i g u r e  i l l u s t r a t e s  t h a t  t h e  s u b j e c t  MM moved one of the real  
roo t s  fo r  conf igu ra t ion  5 nea re r  t o  the  imag ina ry  ax i s ,  t hus  making the response due 
t o  this root  s luggish while  producing considerable  reduct ion in  damping and frequency 
in  the  ro l l -head ing  ang le  mode, l e a d i n g  t o  i n s t a b i l i t y .  Although  the y-mode r o o t s  are 
well p l a c e d  i n  t h e  cases o f  sub jec t s  CP and DH, nevertheless they produced highly 
reduced frequencies  in  the rol l -heading angle  mode r o o t ,  t h u s  making the system slug-  
g i s h  i n  r e s p o n s e  due t o  t h i s  r o o t .  The system response, which became poor with con- 
f i g u r a t i o n  5, improved considerably with configuration 6,  for which heading and bank 
angles  are displayed together ,  and it becomes even be t te r  wi th  conf igura t ion  7. 
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DISCUSSION 
.- 
From the  p reced ing  r e su l t s ,  it can be seen that  separat ing the bank-angle  infor-  
mation from heading-angle information seems to  cause  a marked d e t e r i o r a t i o n  i n  t h e  
p i lo t -a i rc raf t  sys tem per formance  in  l a te ra l  c o n t r o l ,  which may a t  t i m e s  prove to  be 
de t r imen ta l  t o  accompl i sh ing  the  mis s ion .  Th i s  f ac t  i s  ev iden t  from both turbulence 
and step-response tests. The r e a s o n  f o r  t h i s  d e t e r i o r a t i o n  c a n  b e  e x p l a i n e d  i n  terms 
o f  the  p i lo t  mode l - a i r c ra f t  sys t em.  The high-frequency bank angle, which forms the 
innermost loop i n  la teral  control ,  must  be monitored by the pi lot  a t  a higher  ra te  and 
should be closely coordinated with heading angle  for  proper  l a t e ra l  p o s i t i o n  c o n t r o l .  
The displacement information, forming the lowest frequency outermost loop, i s  scanned 
a t  a r e l a t ive ly  lower  ra te  than  the  bank angle and heading angle.  Hence, t he  d i s -  
placement information, although it must be coordinated with heading angle, can be 
separated f r o m  heading  and  bank angles  wi thout  any  de ter iora t ion  in  the  sys tem per -  
formance, as t h e  r e s u l t s  f o r  c o n f i g u r a t i o n s  2 and 7 show. For   configurat ion 6 ,  with 
bank angle  and  heading  angle  a l so  d isp layed  toge ther ,  the  p i lo t  i s  a b l e  t o  a c h i e v e  a 
pilot-aircraft  system performance which is a lmost  on  the  leve l  of  conf igura t ion  1. 
Configuration 3 i s  a case f o r  which heading and bank angles are separa ted  but  
bank angle  is d i sp layed  toge the r  w i th  p i t ch  ang le ,  which forms the inner loop for the 
v e r t i c a l  c o n t r o l .  T h i s  s i t u a t i o n  p r o d u c e d  o n l y  s l i g h t l y  improved con t ro l  when  com- 
pared with configurat ion 5 ,  w i t h  c e r t a i n  c h a r a c t e r i s t i c  d i f f e r e n c e s  from configura- 
t i o n  6. Configuration 6 produced  re la t ive ly  more damping in  the  ro l l -head ing  ang le  
mode than configuration 3 i n  a majori ty  of  the cases .  This  tendency i s  also confirmed 
from r e s u l t s  f o r  c o n f i g u r a t i o n  4 and  sepa ra t e  t e s t s  w i th  bank angle  and pi tch angle  
d isp layed  toge ther  (conf igura t ion  9 ) ,  which w e r e  performed with only three subjects.  
The r e a s o n  f o r  t h e  s l i g h t  improvement over configuration 5 i n  system performance for 
configurat ion 3 could  be  tha t  when t h e  p i l o t  h a s  t o  c o n t r o l  b o t h  l a t e r a l  and v e r t i c a l  
modes simultaneously,   displaying  the  most  frequently  scanned  inner-loop  parameters 8 
and r$ t oge the r   he lps  him t o   o b t a i n   b e t t e r   c o o r d i n a t i o n .  When heading  angle i s  a l s o  
displayed together  with pi tch and bank a t t i t u d e s ,  t h e r e  i s  f u r t h e r  improvement with 
very good overall   system  performance, as seen  fo r  conf igu ra t ion  7. For  configura- 
t i o n  7 ,  separat ing the displacements  produces less c l u t t e r  i n  t h e  d i s p l a y s  and g ives  
be t te r  per formance  than  the  o ther  conf igura t ions .  Conf igura t ion  8 shows some mixed 
r e s u l t s  and  the  subjec ts  observed  tha t  it is an unconventional display configuration 
a s  i t  c o m p l e t e l y  i s o l a t e s  l a t e r a l  and v e r t i c a l  modes. 
I n  t h e  c a s e  o f  v e r t i c a l  c o n t r o l ,  no appreciable  changes occur  in  the pi lot  gains  
KO and Kh f o r  a l l  c o n f i g u r a t i o n s   f o r  which pi tch  and bank angles  are displayed 
together,   whereas KO a p p e a r s   t o   b e   s l i g h t l y   l o w e r   f o r   c o n f i g u r a t i o n s   f o r  which 8 
and @ are   separa ted .  An output   record of s u b j e c t  HB and  corresponding  pilot-model 
ou tpu t   fo r   con f igu ra t ion  1 are shown i n  f i g u r e  12. The respec t ive   ga ins   and   the  
a s soc ia t ed  c losed - loop  pa rame te r s  fo r  ve r t i ca l  con t ro l  are as follows: 
P i l o t   g a i n s  : 
Kh = 0.0014 rad/m KO = 0.183 
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Closed-loop system character is t ics :  
W, = 1.870 
Wc = 5 .320  
< = 0.86 a 
It is  observed from the records of  the s imulator  runs and the model matching t h a t  
w i t h  t h e  a i r c r a f t  dynamics of the type simulated and with the type of display instru- 
ments used, a l l  t h e  s u b j e c t s  showed c e r t a i n  limits i n  heading-angle, bank-angle, and 
pitch-angle  changes  used  for  accomplishing  the  step-displacement  corrections.  The 
values  of  these limits tended to  change with configurat ion of  the displays,  as shown 
i n  t a b l e  7.  These l i m i t  values  were obtained  from  the model matching. The average  of 
the  heading-angle l i m i t  f o r  c o n f i g u r a t i o n  1 i s  0.17 rad ( l o o ) .  For t h i s  c o n f i g u r a t i o n  
a l l  t h e  s u b j e c t s  showed a l i m i t  on the heading angle.  A s  f o r  t h e  bank angle ,  the  
major i ty  of  the  subjec ts  observed  limits on  both  in i t ia l  bank-angle  change  tha t  is 
used for  obtaining the required heading angle  as w e l l  as the subsequent bank-angle 
change i n  t h e  o t h e r  d i r e c t i o n  u s e d  t o  b r i n g  t h e  h e a d i n g  a n g l e  t o  z e r o .  
For  conf igura t ion  5, t h e  limits t o  which t h e  s u b j e c t s  a l l o w e d  t h e  a t t i t u d e s  t o  
change fo r  accompl i sh ing  the  t a sk  f a l l  unde r  two c a t e g o r i e s .  The subjects e i t h e r  d i d  
not  a l low as much heading-angle and bank-angle changes as they al lowed in  configura-  
t i o n  1, o r  t h e y  showed  no apparent  limits t o  t h e  c h a n g e s .  I n  t h e  f i r s t  case t h e  sub- 
jects used  a t t i t udes  much smaller than  those  fo r  conf igu ra t ion  1, and in  the  second  
case t h e  maximum values  were very much l a r g e r  t h a n  t h o s e  u s e d  f o r  c o n f i g u r a t i o n  1. 
The lower limits cont r ibu ted  to  s luggish  responses  whereas  the  "no limits" are asso- 
c ia ted with reduced damping  and i n s t a b i l i t y .  I t  can  a l so  be  seen  tha t  fo r  conf igu ra -  
t i o n s  2 ,  3, 4 ,  6, and 7 the  subjec ts  used  approximate ly  the  same limits as they used 
fo r  conf igu ra t ion  1. 
With favorable dynamics and display configuration, i f  t h e  p i l o t s  a c h i e v e  stable 
responses with higher l i m i t  values ,  i t  r e f l e c t s  a b e t t e r  c o n t r o l  s i t u a t i o n  w i t h  t h a t  
conf igura t ion  than  wi th  e i ther  the  uns tab le  cont ro l  wi th  h igher  limits o r  t h e  s l u g g i s h  
response with lower limits. 
The model-matching a n a l y s i s  shows t h a t  t h e  l i n e a r  model,  with the addition of 
s a t u r a t i o n  limits and the addition of remnant,  reproduces m o s t  of t h e  c h a r a c t e r i s t i c s  
of  p i lo t -genera ted  t ime h is tor ies .  The frequencies and damping  of t h e  d i f f e r e n t  modes 
of  motion that  are most prominent i n  t h e  t i m e  h i s t o r i e s  are reproduced by the composite 
p i l o t  model.  Howeverl  sample time h i s t o r i e s  also show t h a t  t h e r e  are cer ta in  charac-  
teristics of  the pi lot-generated response that  are not reproduced by t h e  p i l o t  model. 
The unmatched c h a r a c t e r i s t i c s  are slow divergences that occur near the end of some o f  
t he  runs  tha t  p robab ly  r e su l t  from a l ack  o f  a t t en t ion  on  the  pa r t  o f  t he  p i lo t ,  and  a 
d i sc re t i zed ,  on -o f f  t ype  o f  r e sponse  tha t  can  be  de t ec t ed  in  some o f  t he  r eco rds  tha t  
p robab ly  r e su l t s  from a dead band o r  i nd i f f e rence  l eve l  on  the  pa r t  o f  t he  sub jec t .  
I t  is believed that even though the model used on t h i s  a n a l y s i s  d o e s  n o t  match a l l  of  
t h e  c h a r a c t e r i s t i c s  o f  t h e  s u b j e c t  p i l o t s ,  it nevertheless  does provide a very  usefu l  
i n s i g h t  i n t o  t h e  p i l o t  r e s p o n s e .  
CONCLUDING REMARKS 
A fixed-base simulation study w a s  conducted using mili tary three-axis gyro dis- 
plays (with cross-pointer  needles  for  displacement  information)  to  ascer ta in  the 
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e f f e c t s  on  manual a i r c r a f t  c o n t r o l  o f  p a r a m e t e r  s e p a r a t i o n  i n  d i s p l a y s .  The e f f e c t s  
i n  terms o f  p i l o t  models and pilot-aircraft  system closed-loop performance were 
obtained.  A t y p i c a l  g e n e r a l  a v i a t i o n  a i r p l a n e  dynamic  model w a s  used i n  t h e  s t u d y .  
E igh t  sub jec t s  w i th  va r ious  amounts  of  experience par t ic ipated in  the s tudy.  The 
a i r c r a f t  w a s  assumed t o  b e  a t  a p o s i t i o n  5 n. m i .  from the instrument  landing system 
(ILS) s t a t ion   i n   t he   l and ing-approach   cond i t ion .   A t t i t udes   ( i nc lud ing   t he   head ing  
angle)  and d isp lacement  e r rors  from loca l i ze r  and  g l ide  s lope  were displayed to  the 
p i l o t .  
Bank angle ,  heading angle ,  and pi tch angle  together  in  one instrument  with the 
displacements displayed in another location produced the best  performance in both 
lateral  and v e r t i c a l  c o n t r o l s  by t h e  p i l o t .  S t a t i s t i c a l  a n a l y s i s  of the path- 
fo l lowing  task  wi th  turbulence  showed tha t  the  accuracy  of  the  pa th  fo l lowing  w a s  
good when a l l  the parameters  w e r e  d i sp layed  toge ther  in  one  loca t ion  ( re ference  con- 
f igurat ion)  and proved to  be still b e t t e r  when the displacements together were dis- 
p layed  in  one  loca t ion  and  the  a t t i tudes  toge ther  a re  d isp layed  in  another  loca t ion .  
Accuracy of  the la teral  path fol lowing became poor  and  s ign i f i can t ly  d i f f e ren t  f r o m  
t he  r e fe rence  conf igu ra t ion  fo r  t he  conf igu ra t ion  wi th  bank angle  d isp layed  separa te ly  
from the  r e s t  o f  t he  pa rame te r s .  The lateral  performance improved considerably i n  
the path-fol lowing task when the  bank angle  and heading angle were displayed together.  
No s i g n i f i c a n t  d i f f e r e n c e s  were observed i n  t h e  v e r t i c a l - c o n t r o l  mode. 
Time-his tory plots  and the pi lot  model-aircraf t  system analysis  indicate  that  
the system was s t a b l e  i n  t h e  r e f e r e n c e  c o n f i g u r a t i o n  i n  b o t h  a x e s .  The p i lo t s  reduced  
t h e i r  g a i n s  i n  t h e  bank angle and displacement loops when t h e  bank angle  was displayed 
separa te ly ,  caus ing  the  sys tem to  become e i t h e r  s l u g g i s h  o r  p o o r l y  damped, causing 
i n s t a b i l i t y  i n  t h e  l a t e r a l  c o n t r o l .  I t  was a l so  obse rved  tha t  a combination  of  bank 
angle and heading angle produced a system which had b e t t e r  damping i n  l a t e r a l  c o n t r o l  
than a conf igu ra t ion  fo r  which p i t c h  and bank angles were combined and separated from 
t h e  heading. The d i sp lay  loca t ion  o f  t he  d i sp lacemen t s  d id  no t  a f f ec t  t he  pe r fo r -  
mance a s  much as separa t ing  the  d isp lacements  from t h e  a t t i t u d e s ,  which seemed t o  
reduce the clut ter  of  information and provided bet ter  control  in  both modes. 
I t  w a s  a l so  obse rved  tha t  t he  sub jec t s  imposed l i m i t s  on changes in  the  heading  
angle ,  bank angle ,  and pi tch angle  to  accomplish the desired task under  s tep- input  
t e s t s .  The l i m i t  values were maximum when a l l  the parameters were displayed together 
( r e fe rence  conf igu ra t ion ) .  The re  were e i t h e r  "no limits" or  considerably  reduced 
limits when the  bank angle  w a s  d i sp layed  separa te ly ,  thus  producing  e i ther  a poorly 
damped system or  s luggish  response .  
Langley Research Center 
National Aeronautics and Space Administration 
Hampton, VA 23665 
August 1 2 ,  1981 
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APPENDIX 
AIRCWT EQUATIONS OF MOTION 
The equat ions of motion f o r  t h e  aircraft  s imula t ion  used  in  the  s tudy  are t h e  
following: 
4 = -1.21q - 2.82a - 3.056, 
= - 4 . 8 2 ~  + 1.10r - 6.956 - 8.536, 
= - 0 . 4 3 6 ~  - 0.725r + 2.856 + 0.2168, 
6 = -0.016~ - 0.994r - 0.2296 + 0.225(sin Cp cos 8 )  
8 = q cos Cp - r s i n  4 
$ =  r cos @ + q s i n  4 
cos e 
14 
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TABLE 1.- SCORES, AVERAGES, AND STANDARD  EVIATIONS 
c.11 values are in meters] 
Root-mean-square l a t e r a l  and vertical deviations for configuration - a 
6 7 8 3 4 5 2 Subject 
MM 
1 
6.8  32.4 
5 - 7 1  24.3 
6.8  24.3 
5.7  32.2 
I 
Y 
16.2 
24 .3  
24.3 
24.3 
24.3 
8 . 1  
24.3 
24.3 
16.2 
8 . 1  
24.3 
24.3 
24.3 
24.3 
48.6 
40.6 
23.9 
10.5 
Ah 
9 . 1  
6.8 
4.5 
4.5 
5.7 
6.8 
6.8 
6.8 
6.8 
7.9 
7.9 
5.6 
6.8 
9.1 
9 . 1  
-1.3 
7.2 
1 . 8  
Ah 
6.8 
6.8 
4.5 
9 . 1  
4.5 
2.3 
4.5 
-3.6 
-1.3 
5.7 
4.5 
4.5 
4.5 
6.8 
6.8 
6.8 
6.4 
2-82 
Ah 
9.1 
6.8 
2.3 
4.5 
6.8 
9.1 
L1.3 
L1.3 
L8.1 
7.9 
9.1 
5.7 
9.1 
-1.3 
-1.3 
6 . 8  
8 . 8  
3.6 
6 
+ t $  
Y,h e 
Ah 
6.E 
6.E 
4.5 
6 . E  
6.E 
1 1 . 3  
6.8 
13.6 
1 1 . 3  
13.6 
9 . 1  
6.8 
1 1 . 3  
17 .0  
7.9 
5.6 
9.2 
3.5 
Ah 
2.3 
6.8 
6.8 
5.5 
2.3 
2.3 
3 . 1  
2.3 
5.78 
5.65 
5.5 
9 . 1  
5.7 
7.9 
~- 
5.4 
. .  . " 
2.5 
Ah 
2.3 
11.3 
6.8 
2.3 
9 . 1  
6.8 
6.8 
9 . 1  
11.3 
4.5 
5 .7  
11.3 
15 .8  
4.5 
9 . 1  
8.0 
3.7 
~ 
Ah 
9 . 1  
4.5 
4.5 
6.8 
2.3 
4.5 
6.8 
4.5 
6.8 
6.8 
9.1 
5.7 
3.4 
6.8 
.l. 3 
9 . 1  
6.6 
2.3 
~ ~~ 
Y 
4 0 . 1  
24.3 
24.3 
16 .2  
3  2 .'4 
32.4 
48.7 
32.4 
81 .1  
32 - 4  
32.4 
40.6 
32.4 
40.6 
60.8 
38.1 
15.8 
Y 
24.3 
40.6 
1.6.2 
40 .6  
24.3 
24.3 
32.2 
24.3 
48.7 
40.6 
32.2 
32.2 
32.2 
32.2 
48.7 
40.6 
33.7 
9.3 
Y 
48.7 
40.6 
16 .2  
32.4 
32.4 
24.3 
40.6 
32.4 
64.9 
32.4 
32.4 
40.6 
16.2 
36.5 
32.4 
32.4 
34.9 
11.8 
5 
+ 
Y,h 
$t e 
Y 
24.3 
24.3 
24.3 
16.2 
32.2 
48.7 
48.7 
48.7 
73.0 
48.7 
32.2 
24.3 
64.8 
32.2 
73.0 
81 .1  
43.8 
17.6 
Y 
24.3 
40.6 
16 .2  
32.4 
32.4 
32.4 
40.6 
40.6 
40.6 
40.6 
40.6 
24.3 
32.2 
20.3 
" 
40.6 
20.3 
33.2 
8 . 1  
Y 
24.3 
24.3 
16.2 
16.2 
12.2 
16.2 
16.2 
32.4 
32.4 
24.3 
24.3 
16.2 
32.4 
24.3 
32.4 
23.1 
-~ 
7.3 
1 
2 
~ 
HB 1 
2 
- 
1 
2 
JS 
DH 1 
2 
JDS 1 
2 
1 
2 
~ 
1 
2 
JJT 
CP 
WWA 1 
2 
Average 
Standard 
deviation 
aThe configurations used were as follows: 
7 
Top display 
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TABLE 2.- RESULTS  OF  t-TESTS ON SCORES  FOR  CONFIGURATION  1 
r 
Parameter 
~ 
h 
Y 
1 and  2 
0.15 
0.010 
AND THE OTHER  CONFIGURATIONS 
Probability for configurations - I 
1 and  3 I 1  and 4 I 1 and 5 
I I 
0 . 5  1 0.18 I 0.06 
0.360 0.003 0.240 
1 and 6 
0.03 
0.400 
1 and 7 I 1 and 8 I 
I I * 0.001 0.030 
TABLE 3.- SCORES,  AVERAGES,  AND  STANDARD  DEVIATIONS  OF 
CONFIGURATION 1 (REPEATED)  AND  CONFIGURATION 10 
[AU values  are  in  meters1 
J 
Subject 
MM 
HB 
J S  
DH 
J D S  
J JT 
CP 
WWA 
Average 
Standard 
deviation 
Day 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
i 
Root-mean-square  lateral 
and  vertical  deviations 
for  configuration - 
1 (repeated) 
Ah 
8.8 
8.8 
4.4 
4.4 
4.4 
2.2 
11.0 
15.0 
8.8 
6.6 
4.0 
4.4 
11.0 
6.6 
7.2 
3.6 
Y 
40 
28 
28 
40 
16 
28 
40 
40 
40 
48 
16 
16 
56 
40 
~ 
33 
12.1 
10 
Ah 
~ _ _ _ _ _ _  
6.6 
6.6 
4.4 
4.4 
~~ 
2.2 
2.2 
4.4 
6.6 
11.0 
8.8 
_____ 
13.2 
6.0 
2.2 
4.4 
8.8 
6.6 
6.2 
3.1 
Y 
16 
18 
16 
16 
16 
20 
24 
16 
32 
40 
25 
10 
32 
40 
24 
24 
9.8 
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TABLE 4.- P I M T  MODEL-AIRCRAFT  SYSTEM CHARACTERISTICS FOR LATERAL MODE 
Closed-loop  system  characteristics for  configuration - 1 
I SubiectIRootl 1 2 3 4 5 6 7 8 9 
w. W ,   W ,  W, W ,  w, w. W.  W, 
rad/sec ' rad/sec ' rad/sec ' rad/sec ' rad/sec ' rad/sec ' rad/sec ' rad/sec ' rad/sec ' 
0.187 3 1.333 0.866 0.208 a-0.210 a-0.224 a-O.lOO a-0.242  a-0.040 a-0.222  a-0.079  a-2.815 a-0.070 a-0.305 0.800 0.204 0.946 0.167 0.864 .493 1.170 
Yc 7.2601  -9381  6.983 1 .9461 7.4441 .9331 8.5561 .go61 6.1451 .9711 7.0061 .9451 6.9801 .946  6.9741 .946 7.315 1 .936 
.O92 .146 2.413 -149 2.217 2.223 .I51 2.238 .197 2.001 -.157  3.477  .068  2.504  .150 2.224  .lo4 YDR 2.380 
.469 1.343  . 78 .673 1.098 1.155 .651  1.216  .298  .251  .304  1.600 .428  1.405  .672 
HB a-0.105  a-0.444  a-0.076 3;; 1 ~ .500 
.lo6 
.942' 7.192  . 39 
a-0.138  a-0.720  a-0.125 
.519  .934  .610 
.111 2.208 .137 
.941  6.964 .946 
~- 
1 
2.304 
7.137 
.757 1.148 .744 
.158 2.189 .162 
6.897  .948 6.905 .948 -~ ~ - .  
DH Yy 0.139 
.934 .938  7.421 Yc 7.278 
.079 .110 2.493 :tR 2.396 .439 .495  1.412 1.368 
a-0.078 0.828 a-0.194 a-2.016 
.961  7.278 .938  7.270 -938 7.067  9437.04 -947 6.464 
.192  2.396 .110 2.386  .lo4  2.269 .143  2.512 . 9 2.052 
.E98  1.368 .496  1.336 .492  1. 63 . 10  1.262 . 10 .086 
a-0.378  0.154  0.749 0.180 0.875 0.144 0.832  0.144  0.832 
JDS Yy 0.216 0.870 0.166 0.765 a-0.469 a-O.l10 a-2.027 a-0.074 a-0.049 a-0.302 a-0.019 0.179 0.691 0.148 0.932  a-0.255 
yo 1.195 
.936  7.276 .938 6.977 .946 6.536  .958 .952  7.271  .938  7.399  . 34  7.276  .943  6.766 y, 7.084 
.lo8 2.393 .lo8 2.217  1422.065  177.178  2.390 .lo5  2.477 .085  2.393 .131  2. 35 YDR 2.272 
.494  1.358  491.038  656521.389 .911  .340  .487  1.408  .450  1.358  .589  1.007 
JJT yy 0.230 
.933  7.684 .927  7. 00 .934  .218 .940  7.448 Yc 7.168 
.113  2. 53 .122  2.353 .112 2.350  .113  2.329 .110 .068  2.693 .020  2.470 .073  2. 55 .116  2.509 
.511  1.302 .511  1.303 -513 1.307  .529  1.246 .518 .426  1.484 .377  1.376 .436  1.307 .535  1.409 
y$ :::'I: a-0.048 0.275 0.073 a-0.210 a-0.132 0.260 .591 0.235 0.956 a-0.0917a-0.159  0.918  0.209  0.901  a-0.290 
0.905  a-0.235 
.939  7.218 .939  7.218 .939  7.218 .939  7.188 .940 
YDR 
0.941  a-0.415 a-0.0758  0.190  0.918 
~~~ -~ ~~~ 
.673  1.084 
.946  7.128 .942 .946  6.980 
.144  2.298  12.144 2.221 
.660 1.247  564
a-1.282 
.951  7.127  9417.137 .941 7.136  .941  6.780 
.160  2.293 .120 2.304  .129  2.307  .128  2.133 
.577 1.200 .557  1.2 7  561.269 -556 .586 
a-0.226  0.268  0.847 0.212 0.670  a-0.295  a-0.027 
- ~~ 
WWA 0.089  0.761  0.124  0.665 % 1.406  91. 87  24
7.284 .937- 6.7301  .953 ' 
!:::: .683  .23310.874 a-1.417 a-0.492 a-0.233 a-0.090 0.168 0.932 a0.212 a0.102 
YDR 2.409  .117  2.123 .179 2.2 0 .143 2.103 .178 2.22  .150  2.223 .151 2.27 .137
.789  1.165  673.169 675.236 95
6.970  466.670 955 6.98 .946 6.980 .946 7.081  943YC 
" """"-
aReal  root. 
S u b  jec 
MM 
HB 
JS 
.. ~ 
DH 
JDS 
J J T  
CP 
WWA 
TABLE 5.- D I S P O S I T I O N  OF FIRST TWO CLOSED-LOOP  ROOTS 
OF PILOT-AIRCRAFT  SYSTEM I N  COMPLEX  PLANE 
." 
Dispos i t i on  of closed-loop roots f o r  c o n f i g u r a t i o n  - 
Tun 
0.161 
-657 
0.185 
-642 
'-0.103 
-317 
0.115 
-677 
0.201 
-703 
0.208 
-666 
0.223 
-737 
0.067 
-697 
1 
Wd 
0.094 
1.159 
0.086 
1.149 
'-1.541 
-469 
0.078 
1.188 
0.216 
.965 
0.098 
1.051 
0.080 
-810 
0.058 
1.221 
Tun 
a-O. 079 
-075 
. .  
0.172 
-638 
a-O. 121 
-752 
a-O. 378 
-077 
0.128 
-670 
"0.048 
.667 
'-0.226 
-338 
'-0.492 
.183 
5 
ud 
a-2.  815 
-239 
0.050 
1.180 
' - 0 .  280 
-836 
'-2.016 
* 037 
0.086 
1.181 
"0.290 
1.230 
'-1.282 
.4 78 
'-1.417 
-143 
~~ 
Tun 
~ 
"-0.040 
-791 
"-0.064 
-844 
0.113 
.848 
0.115 
-678 
~ 
0.126 
676 
3-0.110 
~~ 
-665 
0.226 
-668 
~~~ ~ 
3-0.090 
.784 
6 I 7 
1.187 
1.177 
1.23 
ud 
a-O. 242 
.854 
a-O. 271 
al. 047 
a-O. 816 
-550 
0.080 
1.163 
a-O. 469 
-783 
a-O. 469 
1.230 
0.157 
1.052 
0.061 
-863 
a R e a l  root. 
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TABLE 6.- PILOT GAINS FOR SELECTED CONFIGURATIONS 
Subject 
MM 
HB 
JS 
DH 
J D S  
JJT 
CP 
WWA 
KYI 
J rad/m 
3.00229 
.00238 
-00185 
.00182 
-00238 
-00262 
-00249 
-00129 
1 
~ 
Klcl 
- 
1.25 
1.40 
1.83 
-94 
1.42 
1.50 
1.46 
.58 
~~ 
___ 
K@ 
~ 
-1.10 
-1.10 
-.51 
-1.10 
-1.28 
-.98 
-. 76 
-1.10 
. -  
Pilot gains for configuration - 
??I 
yrad/m 
0.00148 
.00106 
.00176 
.00096 
.00184 
-00092 
-00316 
.00238 
5 
til, 
1.41 
-97 
1.32 
-56 
1.04 
1.24 
1.94 
1.13 
K@ 
-0.17 
"67 
"76 
"32 
-1.10 
-1.04 
"60 
"47 
6 
prad/m 1 %  
0.00078 0.95 
-00167 
-00127 
1-04 -00231 
-95 .00219 
-96 -00316 
-97 
1.13 -00138 
1.60 -00315 
1.28 
K@ 
-0.78 
- -67 
- -71 
-1.10 
-1.10 
-1.04 
- -94 
"75 
KYI 
Arad/m 
3.00149 
-00166 
-00158 
-00219 
.00184 
-00175 
.00316 
-00186 
7 
Klcl 
1.17 
1.23 
1.67 
1.23 
1.62 
1.28 
1.15 
1.12 
K@ 
-0.75 
-.67 
-.66 
-1.10 
"76 
-1.04 
- .93 
" 7 5  
i 
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TABLE 7.- L I M I T  VALUES OF YAW AND ROLL  ANGLES  FOR  VARIOUS  CONFIGURATIONS 
[ V a l u e s  are i n  radians 1 
I L i m i t  values fo r  conf igura t ion  - 
5 6  7  8 9 
1: 
0.16 +0-09 0.12 +0'09 0.16 +o .09 -.11 -.07 -.07 0.15 
+O. 08 
-.09 
0.09 +o.lo 0.13  +0.07 0.13 +0.09 0.11 +O .08 - .09 "07 - .07 - .07 HB 
"-4- 
JS  
DH 
J D S  
C P  
J J T  
WWA 
i- " 
+O. 35 '  
-.43 
4- 
+ O .  25 
".35 
+O. 28 +O. 25 +O. 25 
-.35 -.35 
" 
+O. 28 
-.23 
+O. 28 
"24 
+o. 10 
- .11 
+O. 08 
-.09 
+ O .  06 
-.04 
+o .ll 
- - 0 7  
+O. 07 
-.06 
0.28 
__ 
0.18 
- 
0.14 
4- 4- 1 +o .10 -.lo +O. 06 O m o 9 1  -.06 0.12 '+0.06 -.06 
+O. 14 
0.23 
" 
0.19 
+O. 16 
- .12  
+O. 06 
"06 0 -11 
0 .18  
+o. 11 
- .09 
0.11 -0.08 
+O .08 
-.07 
- 
0 -16  0.171  +0.12 - -09  
+0.12 o.12i -.08 +0-04 ~ 0.14 - .20 +o. 11 
+0.12 
"08 
0.17 
- 
0.10 
__I- - 
0.07 
+0.07 
- .09 
+O. 06 o'lol -.05 0.11 -.06 
t 0 . 1 2  10.14 +o. 12 
- .08 0.17 
- 
0.16 
- 
L-80-9252.1 
F igure  1.- Instrument display. 
22 
q, rad/sec 
- .05 E 
4-b 2.5 sec 
(a) Short-per iod longi tudinal  response 
t o  a 0.069 r ad  e l eva to r  s t ep .  
-P, rad/sec 
.025 
- .025 
4 k- 2 .5  sec 
r ,  rad/sec 
- .025 E 
(b) L a t e r a l  dynamic response and yaw-rate 
response t o  a 0.035 r a d  a i l e r o n  s t e p .  
F igure  2.- Step-control- input  responses .  
23  
I 
Remnant 
I 
(a) Longitudinal  system. 
Remnant 
I 1 
(b) Lateral  system. 
Figure 3 . -  Pilot  model-aircraf t  system. 
4 IC 20 sec  
+I I+ 20 sec  
4 k 2 0  sec  
(a)  Linear system only.  
-+I I+-20 s e c  
J k 2 0  sec  
(b) Complete system with 
limits and remnant. 
Figure 4.- P i lo t  model -a i rc raf t  sys tem l a t e ra l  response. 
K4 = -0.51; % = 0.676; 5 = 0.00183 rad/m. 
25 
Ah, m 0 
- 2 2  t 
-22 
4 b20 sec 
(a)  Configuration 1. 
4 b20 sec 
(b)  Configuration 5. 
4 k20 sec 4 k20 sec 
( c )  Configuration 6. (dl Configuration 7. 
Figure 5.-  Sample time h i s to r i e s  w i th  tu rbu lence  fo r  sub jec t  CP. 
A h ,  m 0. 
-22 
200 
Ay, m O E  
-200 
Ah, m 
I 
2:E 
-22 
200 
,200. 
4 k 2 0  sec 
(a) Configuration 1. 
-j k20 sec 
22 
-22 cE 
I I -1 14-20 sec  
(b) Configuration 5. 
(c) Configuration 6.  (d) Configuration 7. 
Figure 6.- Sample time his tor ies  with turbulence for  subject JS. 
A h ,  m 0 
- 2 2   E 
(a)  Configuration 1. (b)  Configuration 5. 
Ah, m 
- 2 2  
22 
- 2 2  O E  
(c) Configuration 6.  (d)  Configuration 7. 
Figure 7.- Sample time h i s to r i e s  w i th  tu rbu lence  fo r  sub jec t  DH. 
+ + Z O  sec 4 + Z O  sec 
4 ~ Z O  sec -+/ FZO sec 
4 ~ Z O  sec 
S u b j e c t  
(a)  Configuration 1. 
Model: K = -1.10; K = 0.58; 
4 $ 
Y 
K = 0.00129 rad/m 
Figure 8.- Step-input  lateral  response  of  subject WWA and  corresponding  pilot model. 
J L- 20 sec  
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J L - 2 0  sec  
Model: K6 = -0.47; K il, = 1.13; K Y = 0.00238 rad/m 
(b) Configurat ion 5. 
Figure 8 .- Continued. 
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( c )  Configuration 6.  
Figure 8.- Continued. 
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Figure 8.- Concluded. 
-4 I- 20 sec 
Subject 
-A L 20 sec 
Model: K = -1.10; K = 1 . 2 5 ;  
(b ii, 
Y 
K = 0.00229 rad/n 
* (a) Configuration 1. 
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(b) Configuration 5. 
Model : K 
($ 
Y 
= -0.17; Kii, = 1.41; 
K = 0.00148 rad/n 
Figure 9.- Step-input  lateral  response of subject MM 
and corresponding  pilot model. 
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-200 L 
4 1-20 sec 
Subject 
(c )  Configuration 6.  
Figure 9.- Continued 
Nodel: K = -0.78; K = 0.95; 
cp 9 
K = 0.00078 rad/m 
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(d)  Configurat ion 7 .  
Figure  9.- Concluded. 
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(a)  Configurat ion 1. 
Figure 10.- Step-input l a t e ra l  response of s u b j e c t  CP 
and corresponding pi lot  model. 
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Figure 10.- Continued. 
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(c )  Configurat ion 6 .  
Figure 10.- Continued. 
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(d) Configuration 7 .  
Figure 10.- Concluded. 
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Figure 11.- Disposition of closed-loop  poles  in  different  configurationsi 
r3 Numbers  beside  data symbols indicate  configuration. 
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Figure 12 . -  Step-input  response for  ver t ical  control  with configurat ion 1. 
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